Angle Resolved Specular Reflectance Measured with VLABS  by Heimsath, A. et al.
 Energy Procedia  69 ( 2015 )  1895 – 1903 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG
doi: 10.1016/j.egypro.2015.03.173 
International Conference on Concentrating Solar Power and Chemical Energy Systems, 
SolarPACES 2014 
Angle resolved specular reflectance measured with VLABS 
A.Heimsatha*, T. Schmida, P. Nitza 
aFraunhofer Institute for Solar Energy Systems, 79110 Freiburg, Germany 
Abstract 
In the process of improving the performance of concentrating solar collectors a variety of reflector materials are undergoing 
development. To allow comparable performance predictions, precise and replicable measuring methods are needed. In this paper 
we propose a measurement method and set-up (VLABS: very-low-angle beam spread) to determine the specular reflectance for 
variable angular acceptance. Our measurement set-up and method VLABS is advanced in measurement accuracy and speed, it 
gives as a result the specular reflectance for variable acceptance angles with an angular resolution of 0.03 mrad. We show 
exemplary results for a glass and an aluminum reflector and discuss the impact of acceptance angles up to 33 mrad on measured 
reflectance values at different wavelengths.  
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1. Introduction 
In the process of improving the performance of concentrating solar collectors, a variety of reflector materials are 
available and under development. To allow for a comparable performance prediction, precise and replicable 
measuring methods are needed. Accompanying the SolarPaces reflector characterization guideline establishment 
process [1], specular reflectance with a defined acceptance angle was identified to be an important performance 
parameter next to hemispherical reflectance. We developed different measurement set-ups in the past and analyzed 
the scattering off solar reflectors [2, 3]. Our next generation instrument and method VLABS (very- low-angle beam 
spread measurement set-up) is advanced in measurement speed and gives as a result the absolute specular reflectance 
ߩ௦(߮) as a function of acceptance angle ߮. The evaluation of specular reflectance within a defined acceptance angle 
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is not yet state of the art and thus still subject to research, even though the reflected beam profile of solar reflector 
materials was already investigated in the 1970’s (e.g. by [4]). Our approach differs from other experimental methods 
developed within the last years, evaluating specular reflectance from hemispherical measurements [5] or measuring a 
normalized scattering distribution [6]. In this paper we present the basic features of the measurement method. To 
verify the absolute measurement of specular reflectance we compare results of a mirror with the reflectance known 
from other validated measurements. The detailed analysis of the systematic errors of VLABS is not part of this 
paper; we refer to a future publication. 
The aim of this investigation is to assess and discuss exemplary quantitative results obtained with VLABS. 
Results for two different solar reflectors (glass and aluminum based) are presented. 
 
Nomenclature 
T angle of incidence (rad) 
O wavelength (nm) 
ĳ acceptance half angle (rad) 
I  scattering angle (rad) 
ȡh(SW)  solar weighted hemispherical reflectance 
ȡs specular reflectance 
 
CCD charge coupled device 
LED light emitting diode 
TNO Dutch Organisation for Applied Scientific Research 
VLABS very-low-angle beam spread measurement set-up  
1.1. Hemispherical and specular reflectance 
State of the art characterization of solar mirrors involves the measurement and characterization of solar weighted 
hemispherical reflectance at near normal incidence ȡh(SW,T), see Fig. 1 and compare with definitions in [1]. It 
describes the ratio of radiant flux reflected into the hemisphere above the surface to the incoming radiant flux (with 
a spectral distribution according to ASTM G173 spectrum). In contrast the measured specular UHIOHFWDQFHȡs(O,T,ĳ) 
depends not only on the wavelength O and the incidence angle T but also on the choice of the acceptance angle ĳ 
where the radiation is detected, see Fig. 1. The acceptance angle ĳ is the polar half angle measured from the 
direction of specular reflectance, as defined in [1]. ȡs describes the ratio of spectral radiant flux reflected into the 
cone shaped solid angle, centered around the specular direction to the incoming spectral radiant flux.  
The wavelength dependency stems not only from the spectral dependence of the total reflectivity but may also 
depend on the wavelength dependence of the diffraction and/or scattering pattern occurring due to potential surface 
roughness.  
Therefore, in [1] it is proposed to estimate the quality of specularity by measurement of specular reflectance at 
various acceptance angles and various wavelengths and compare the results with the measured hemispherical 
reflectance.  
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Fig. 1. (a) Sketch for definition of hemispherical ȡhGLIIXVHȡdiff and specular reflectance ȡs. 
2. Specifications of VLABS measurement set-up 
An ideal instrument to characterize solar mirror materials would allow for measuring specular reflectance over an 
appropriate range of the wavelength O covering the solar spectral region, incidence angles T up to 50° and evaluation 
for SUHFLVH DFFHSWDQFH DQJOHV ĳ XS WR 20 mrad. Additionally an ideal instrument would allow for absolute 
measurements and adjustable spot size (these and other features are listed in [1]). VLABS was developed as one 
approach in order to be able to measure not only the normalized beam scattering distribution [2] but the absolute 
specular reflectance within a defined acceptance angle.  
VLABS is a laboratory instrument and method for evaluation of absolute specular reflectance. Its main 
characteristics are: 
 
x LED irradiation with blue, green and red light at O=455 nm , O=533 nm and O=631 nm (extendable to other 
wavelengths) 
x An adjustable light source with a beam divergence half-angle of about 1 mrad 
x Light source spot diameter on reflector samples ranging from 0.6 mm to 10 mm 
x Variable incidence angles in the range 8° < T < 80° 
x A maximum DFFHSWDQFHDQJOHĳRIPUDG (half angle) 
x The dynamic range of the detector covers about five orders of magnitude 
 
The quasi-monochromatic light from a LED is collimated by an achromatic lens and is directed to the sample. 
The reflected light passes through a second achromatic lens and is detected by a CCD array with high resolution and 
high quantum efficiency, see Fig. 2b and Fig. 3b. The reference measurement (i.e. the light source and instrument 
signature) is conducted without the sample, as depicted in Fig. 2a and Fig. 3a. Exemplary results for specular 
reflectance are shown in section 2. 
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Fig. 2. Schematic representation of the VLABS measurement set-up. (a) light source and instrument signature measurement; (b) sample 
measurement. 
 
Fig. 3. (a) Exemplary measurement results for the light source and instrument signature and (b) the signal received from an aluminium reflector. 
On a logarithmic scale the recorded grey values per unit exposure time are shown. The signal in the sample measurement is smeared out 
compared to the light source’s signature, indicating near-specular as well as wide angle scattering (typical for an aluminium based reflector 
sample). 
Due to the application of various data correction methods, the results obtained allow for direct calculation of the 
specular reflectance. No measurement of a reference mirror or scaling to hemispherical reflectance is needed. 
For more detailed evaluation the deconvolution approach proposed in [2] was enhanced. The reflected radiation 
(as detected by the CCD array) is the convolution of the light source, the instrument signature and the reflecting 
properties of the sample. Therefore a model function M(I ) describing the angle resolved scattering convoluted with 
the (measured) apparatus signature is fitted to the measured data of a reflector sample (I  being the scattering 
angle). 
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The specular reflectance ߩ௦(߮) within a defined acceptance angle ߮ is calculated by integration of M(I ) up to 
the chosen value of ߮: 
³  
M
IIIMU
0
)()( dMS    (1) 
2.1. Verification of absolute values for specular reflectance by measurement of a reference mirror 
To verify the absolute reflectance values we measured a reference mirror for which reflectance values are 
provided by the Dutch Organization for Applied Scientific Research (TNO). The result is shown in Table 1. The 
reference mirror’s substrate consists of glass indicating a very good surface quality. However, one has to keep in 
mind that the given directional reflectance is measured using the VW-method (described in [7]), this implies a non-
defined acceptance angle and does not necessarily describe the hemispherical reflectance.  
The uncertainties for the VLABS measurement are given in Table 1. Uncertainties are represented by the standard 
deviation of measurements on three different positions, with three measurements at each position. Thus the given 
uncertainty does not reflect any possible systematic error inherent to VLABS. The uncertainties for the reference 
values are provided by TNO, which include an estimate of systematic errors. 
Table 1. Comparison oIWKH712PLUURUUHIOHFWDQFHȡs measured with VLABS (for ĳ PUDGDQGWKHUHIHUHQFHYDOXHVJLYHQ
by TNO. The uncertainties given for the VLABS measurement are the standard deviation of three measurements on three 
different positions solely and therefore represent repeatability, not any possible systematic error inherent to VLABS. 
Ȝ
[nm] 
VLABS 
measurement 
[%] 
Reference 
values [%]  
Deviation [%] 
631 86.7±0.1 87.0±0.2 0.3 
533 88.0±0.1 88.3±0.2 0.3 
455 88.9±0.2 89.2±0.2  0.3 
 
The deviation is 0.3% absolute. Furthermore, we did not measure any change in specular reflectance between 
ĳ PUDGDQGĳ PUDGFRUUHVSRQGLQJWRWKHPD[LPXPDFFHSWDQFHDQJOHRI9/$%67RJHWKHUZLWKWKHIDFWWKDW
the given reference values are no hemispherical reflectance values, this might indicate that the difference between 
the measured values and the given reference values is not caused by wide angle scattering. Still, the difference is in 
the range of typical measurement uncertainties of reflectance measurements and thus too small to justify a 
systematic correction for all VLABS measurements. 
3. Exemplary results: Angle-resolved specular reflectance of solar reflector materials 
Due to the restricted acceptance angle of concentrating solar collectors only the radiation reflected in and near the 
specular direction intercepts the absorber [4]. In [1] it is proposed to describe the solid angle centered on the 
VSHFXODUGLUHFWLRQE\WKHSRODUDQJOHĳ (half angle). One factor influencing the amount of radiation reflected within 
this angle is the scattering of solar radiation by surfaces roughness and surface structure of the reflector. For a solar 
reflector applied in any outdoor setting, scattering behavior might also be influenced by abrasion due to cleaning or 
other weathering effects.  
3.1. Glass reflector 
The VLABS instrument allows for the absolute measurement of reflectance values for variable acceptance angles 
ĳ (with resolution of ĳ of 0.03 mrad) for  specified wavelength, compare Fig. 3a. In other instruments the measured 
specular reflectance for small acceptance angles may be dominated by the apparatus signature, as was presented in 
[3]. For the results obtained with VLABS this influence is eliminated due to the application of the deconvolution 
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approach (the deconvolution approach was introduced in [2)]. The exemplary results in Fig. 4a show that the angle 
resolved reflectance is almost constant except for very small acceptance angles. When we compare the obtained 
specular reflectance for an acceptance angle M = 12.5 mrad and the three wavelengths 631 nm, 533 nm and 455 nm 
with the hemispherical reflectance measured with a spectrophotometer, see Fig. 4b, the results are within the 
measurement uncertainty of the hemispherical reflectance measurement (1 percentage point). 
 
 
Fig. 4. (a) Specular reflectance for continuously varying acceptance angle for a glass mirror sample, given for 3 wavelengths and angle of 
incidence 8°; (b) Hemispherical reflectance over wavelength for same mirror compared to specular reflectance Us(M=12.5 mrad, T=8°, coloured 
crosses) measured with VLABS. Uncertainty of the hemispherical reflectance measurement is indicated by error bars.  
Within the uncertainty of the hemispherical reflectance measurement, the results obtained with VLABS do not 
show any scattering for the case of the examined glass mirror. Therefore it seems reasonable and justified to apply 
ȡh(SW,T,h) to predict the mirror’s performance for concentrating collectors. 
3.2. Aluminum based reflector 
In contrast to the glass sample the following result for an aluminum based reflector, measured at three 
wavelengths, show a significant increase of specular reflectance for increasing acceptance angle M, as shown in 
Fig. 5a. This means that to enable comparison of reflector properties, either a well-defined acceptance angle (for 
instruments with fixed acceptance apertures) or a high resolution of acceptance angle (for instruments with almost 
continuous acceptance) is necessary. The curves indicate that the specular reflectance further increases beyond the 
maximum of ĳ=33 mrad measured with VLABS. By comparing ȡs(ĳ=12.5 mrad) to the hemispherical reflectance 
values, we observed a difference larger than the uncertainty of the hemispherical reflectance values, compare 
Fig. 5b, which is consistent with the aforementioned observations.  
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Fig. 5. (a) Specular reflectance for continuously varying acceptance angles for an aluminium reflector sample, measured at 3 wavelengths, angle 
of incidence 8°; (b) Hemispherical reflectance vs. wavelength for the mirror (black line). Compared to specular reflectance Us(M=12.5 mrad, 
T=8°, (coloured crosses) measured with VLABS. Uncertainties of hemispherical reflectance measurement are indicated by error bars. 
 
In the following we discuss further aspects important for interpreting data from specular reflectance 
measurements of aluminum based reflectors.  
Firstly, because the scattering due to surface roughness may be wavelength dependent, the wavelength 
GHSHQGHQFH RI ȡs for a given acceptance angle cannot be directly deduced from the hemispherical reflectance. 
Therefore, one measures specular reflectance with monochromatic light for several sampling points over the solar 
spectrum. For aluminum-based reflectors with reflectance enhancing dielectric layers, wavelength dependent 
interference effects occur in the hemispherical reflectance, compare to results shown in Fig. 5b. Therefore the 
specular reflectance measured at one wavelength, say 631 nm, might not be comparable to the specular reflectance 
measured at a slightly different wavelength, say 660 nm. These measurements may only be compared if they are 
first normalized to their corresponding hemispherical reflectance values to eliminate the effect of the large 
difference in reflectance over small wavelength ranges. Thus, for aluminum based reflectors (and other reflectors 
with optically enhancing layers) hemispherical reflectance values are taken into account in addition to the specular 
reflectance measured for a specific wavelength. 
Secondly, the features of the interference pattern - and correspondingly the absolute reflectance at a given 
wavelength - depends not only on the wavelength but also on the detailed (optical) thickness of cover layers on the 
reflector surface. In typical aluminum-based mirrors, manufactured using industrial equipment, slight thickness 
variations of the dielectric layers may occur; furthermore, optical thickness depends on layer thickness and 
incidence angle. As a consequence, all these parameters and effects will influence the absolute, wavelength 
dependent reflectance (hemispherical and specular). Therefore in order to make specular measurements comparable, 
the reported hemispherical reflectance values would have to be measured at exactly the same wavelength and 
position on the same sample. This is especially the case when one compares a measurement wavelength that is in 
between a maximum and a minimum of the hemispherical reflectance. In such a case a slight variation in layer 
thickness, wavelength or incidence angle leads to a larger change in measured reflectance than if the reflectance was 
measured at a wavelength corresponding to a maximum or minimum of the hemispherical reflectance. 
One question is, whether the reflector shows significant wavelength dependent scattering. To evaluate the 
wavelength dependent effects we needed to eliminate effects due to interference of the optically enhanced layers. In 
Fig. 6 the fraction of reflected radiant flux for the aluminum reflector sample (the same as above) is shown. The 
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fraction of reflected radiant flux is the specular reflectance divided by the hemispherical reflectance and thus gives 
the amount of reflected radiant flux that lies within the given acceptance angle. In Fig. 6 the dependence on 
wavelength is shown. For a giveQDFFHSWDQFHDQJOHĳWKHDQJOHUHsolved scattering is lower for shorter wavelengths 
(as expected from the theory of total integrated scatter). Thus, if the sample scatters a significant amount of reflected 
radiant flux one cannot estimate the solar weighted specular reflectance from the hemispherical reflectance by 
correcting the hemispherical reflectance by a constant factor for all wavelengths, as was suggested for a general 
procedure in the draft versions of [1].  
 
 
 
 
Fig. 6.Fraction of reflected radiant flux for an aluminium mirror sample for 3 wavelengths, angle of incidence 8°. 
4. Conclusion 
The laboratory measurement device VLABS is capable of measuring the absolute specular reflectance for 
densely spaced variable acceptance angles with an acceptance angle resolution of 0.03 mrad and a maximal 
acceptance angle of 33 mrad, as presented in this work. For the obtained specular reflectance for variable acceptance 
angles the measured signature of the light source and instrument is removed by a convolution approach. A 
comparison of VLABS measurement results with the mirror’s reference values revealed that the basic principle of 
the method leads to accurate absolute results for specular reflectance within an uncertainty of 0.3 percent points for 
high quality glass mirrors without first surface coatings. The measurement set-up complies with most suggestions 
for ideal specular reflectance measurement set-up given in [1]. 
 We show exemplary results for a clean solar glass mirror, in which no relevant scattering was found after 
applying the deconvolution approach. Results for an aluminum based reflector show a noticeable increase of 
specular reflectance with increasing acceptance angle and thus indicate a significant amount of near-angle 
scattering. In order to be able to quantify the loss that this scattering would cause in a solar thermal application, a 
more detailed analysis will be published elsewhere. We pointed out the importance of a well-defined acceptance 
angle to analyze the mirror’s performance and allow comparison of measurements from different instruments. We 
discussed several problems related to the characterization of aluminum based mirrors and highlighted that for these 
mirrors measurements at one or a few particular wavelengths may not be comparable to other measurements (e.g. of 
hemispherical reflectance) of the same sample. As a consequence our results confirm that the evaluation method 
proposed in [1] for highly specular reflectors seem not to be suitable for reflector materials with optically enhancing 
top layers. To validate suggested methods further research and development of appropriate methods is needed. 
VLABS was shown to be suitable for measurement of specular reflectance for clean mirrors that have not been 
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exposed in a collector field yet. The set-up is well suited to characterize and quantify the low angle scattering of 
mirrors that suffer from abrasion and dirt. VLABS may also be used to characterize specular transmittance e.g. of 
any flat transparent cover used in solar thermal applications. 
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